ABSTRACT Greenhouse studies of mole cricket tunneling architecture were conducted with adult southern, Scapteriscus borellii Giglio-Tos and tawny, Scapteriscus vicinus Scudder, mole crickets exposed to Beauveria bassiana (Balsamo) Vuillemin. Three different strains of B. bassiana as well as the commercially available insecticide Talstar (bifenthrin) were evaluated for avoidance behaviors by examining tunneling characteristics. Each treated container was inspected 24 h after treatment for speciÞc tunneling behaviors in association with the presence of a control agent and the cricketÕs response to the conidia or chemical. One of the B. bassiana strains tested, DB-2, caused changes in mole cricket behavior, including signiÞcantly less new surface tunneling, fewer vertical tunnels descending into the soil, less tunneling along the perimeter of the containers, and signiÞcantly more occurrences of the crickets remaining in an area that reduced exposure to the conidia. Two of the other treatments, strain 10-22 and Talstar, produced some of these same altered behaviors in mole crickets. Mole crickets exposed to a third strain of B. bassiana, BotaniGard, as well as two carrier formulations did not exhibit these same levels of avoidance. These observations indicate that the presence of environmentally "friendly" control agents, such as entomogenous fungi, may affect pest behavior, and strain selection may be critical to eliminate detection and avoidance by the target insect.
TWO INTRODUCED SPECIES OF mole crickets, Scapteriscus vicinus Scudder, the tawny mole cricket, and Scapteriscus borellii Giglio-Tos, the southern mole cricket, are signiÞcant pests of turf and pasture grasses in the southeastern United States (Walker and Ngo 1982) . Mole crickets also can cause signiÞcant damage to ornamental, vegetable, and tobacco seedlings Villani 1995, Frank and Parkman 1999) . S. vicinus and S. borellii were Þrst introduced from South America in 1899 and 1904, respectively, at Brunswick, GA (Walker and Nickle 1981) from ship ballasts (Worsham and Reed 1912) . These insects have spread northward to southern North Carolina and westward to Texas (Walker and Nickle 1981) and have established themselves as one of the most destructive groups of insects in turfgrass.
S. vicinus feeds almost entirely on plant material, including the turfgrass roots, making it the more signiÞcant pest of the two species. Even though S. borellii is predominantly predatory (Ulagaraj 1975 , Taylor 1979 , Matheny 1981 , both species cause desiccation of the root system and mechanical damage to the grass through their extensive underground and surface tunneling (Villani et al. 2002) . Mole cricket damage often manifests as thinning of the turfgrass stand as the nymphs develop throughout the summer, increasing their feeding and tunneling activity, which can lead to an invasion by opportunistic weeds. Mounding of the soil sometimes can be seen, and in the spring, the acoustic calling chambers constructed by males to attract females for mating manifest as holes on the soil surface. Very severe damage can lead to total turf or pasture grass loss, resulting in the need for reestablishment of the turf, with reinfestation still a possibility (Frank and Parkman 1999) . Additionally, even small populations of mole crickets may be economically important if vertebrates such as armadillos, raccoons, and birds are able to detect them and subsequently cause serious damage in attempts to forage for food (Frank and Parkman 1999) .
Chemical control of mole crickets is often costly because higher application rates of insecticides are necessary to reach the insects deep in the soil proÞle (Xia et al. 2000) , and control is often less than desired. Additionally, economic threshold levels are not easy to determine in turfgrass, so repeated applications are often required to achieve acceptable levels of control (Xia et al. 2000) . There are many important issues that must be considered when chemicals are used, including the potential impacts on surface and groundwater quality, nontarget wildlife, human exposure, and persistence and degradation in the environment (Racke 2000) . Infested turfgrass is often close to residential or chemically sensitive areas (Villani et al. 2002) , which may increase public concern over the use of chemical pesticides and encourage the search for effective alternative methods of control.
One option for mole cricket control is the application of entomopathogenic fungal conidia (Brandenburg and Villani 1995) . When a mole cricket comes into contact with the fungus, the conidia attach to the cuticle and germinate, penetrate into the hemocoel, and cause mortality by depletion of hemolymph nutrients or toxemia resulting from fungal metabolites (Jaronski and Goettel 1997) . Relatively few Þeld studies have been conducted to evaluate the efÞcacy of mole cricket control with the naturally occurring soil fungus Beauveria bassiana (Balsamo) Vuillemin (Hertl and Brandenburg 1998 , Harris 1999 , Xia et al. 2000 , which is commercially available as BotaniGard and Mycotrol O (Emerald Bioagriculture Corp., Butte, MT) or Naturalis T&O (Troy Biosciences Inc., Phoenix, AZ). Data from these studies have failed to show consistent levels of acceptable control. One possible explanation for the lack of efÞcacy seen with B. bassiana in Þeld tests is a behavioral response exhibited by mole crickets when exposed to the conidia. Villani et al. (2002) conducted studies that monitored mole cricket behavior and movement in the soil through the use of radiography and found that tawny mole crickets avoided contact with B. bassiana and Metarhizium anisopliae (Metschnikoff) Sorokin spores. Our objectives were to characterize the behavioral responses that occur when mole crickets are exposed to B. bassiana conidia and to determine whether certain behavioral responses as measured by tunneling are inßuenced by the microbial strain that is used for control.
Materials and Methods
Propagation of Fungal Isolates. Two strains of B. bassiana in this study, DB-2 and 10-22, were isolated, propagated, and formulated by JABB of the Carolinas (Pine Level, NC). DB-2 was originally obtained from darkling beetles in poultry houses in North Carolina (Apuya et al. 1994 ), whereas 10-22 was isolated from soil at the Iowa State University Research Farm, Ankeny, IA (Pingel and Lewis 1996) (Short and Koehler 1979) . Once the crickets reached the surface, they were rinsed in water to remove any soap residue and placed in plastic buckets Þlled with moist soil from the same site. During fall 2001, the majority of the specimens was collected from Oyster Bay Golf Links and consisted mainly of S. borellii. All studies conducted in 2001 involved this species. In fall 2002, a fairway at Sea Trails Plantation was used as the main collection site, and the majority (almost 99%) of the mole crickets collected there were S. vicinus. All crickets were held and maintained in large plastic containers in soil from the collection site (classiÞed as Wando Þne sand, humic matter 0.36%, pH 6.2, cation exchange capacity 4.5) at 10% moisture in a greenhouse on the campus of North Carolina State University (Raleigh, NC). No crickets were used in behavioral studies until they had been maintained in the greenhouse for at least 2 wk after the soapy water ßush collection date.
Behavioral Studies. A single mole cricket was placed individually into a 53 by 35.5 by 28-cm plastic container Þlled with Wando Þne sand to a depth of 20 cm at 10% moisture. Each container had twenty-four 0.33-cm drainage holes around the perimeter of the bottom and moisture levels were maintained by adding 15 ml of water to each container every other day. A 46 by 30.5-cm piece of bermudagrass, Cynodon dactylon (L.), sod was placed on the soil surface in each container and crickets were given at least 24 h to acclimate to the treatment containers. In total, Þve replications were performed simultaneously, Þve treatment containers and Þve control containers. Each test was repeated within 1 wk, so that each trial involved a total of 10 treatment replicates as well as 10 control replicates.
2001-2002 Tests. The three treatments evaluated during the Þrst year of the study were B. bassiana strains DB-2 and 10-22 (JABB of the Carolinas) and bifenthrin (Talstar Flowable Insecticide/Miticide, FMC). Control containers were treated with an equal amount of distilled water. Applications were made to the surface of the soil by using a hand-held spray bottle (model PPG-32, The Bottle Crew, West BloomÞeld, MI) after removing the sod. The B. bassiana solutions were applied at the rate of 2 ϫ 10 12 spores per hectare, and the Talstar was applied at the rate of 0.1404 g/m new surface tunnels were measured. Each box was checked for the presence of new surface tunneling after 1 d, whether the tunnels were vertical or horizontal or a combination of both, and if tunneling occurred around the perimeter of the box ("edging"). Additionally, the location and status (alive or dead) of each cricket was determined. Any obvious disruption to the smooth soil surface was categorized as new surface tunneling. Vertical tunnels are noted as small holes descending into the soil proÞle, whereas horizontal tunnels look like trenches on the surface of the soil (Fig. 1) . The cross-sectional area of new surface tunneling was measured by running string along the length and width of the tunnels and by measuring the length of the string pieces, rather than by Þlling the tunnels with parafÞn wax, excavating the tunnels, and attempting to make measurements of only the surface tunneling (Brandenburg et al. 2002b ). This parafÞn wax method proved to be labor-intensive and unacceptable. Each segment of tunneling that was uniform in width was measured individually and the area of all cross-sectional tunneling was computed by adding the cross-sectional areas of each tunnel segment. Although death by B. bassiana mycosis usually occurs after 3Ð 4 d (Inglis et al. 1997) , each box was searched until the cricket was found and checked for mortality. The location of the cricket, whether above or below the treated layer, was noted. For each of these tunneling features, if at least one occurrence was observed, data were recorded as a 1 and if absent as a 0.
2003 Tests. The tests performed during the second year replicated all treatments that were made during 2001Ð2002 but added a commercially available strain of B. bassiana (BotaniGard ES, Emerald Bioagriculture) as well as the carriers of the two JABB strains (DB-2 and 10-22) and BotaniGard (Emerald Bioagriculture). All bifenthrin and B. bassiana strains were added at the same rates as in the previous yearÕs tests, and the carriers were added in quantities equivalent to that in the B. bassiana (with conidia) treatments. Each bifenthrin, B. bassiana, and carrier test was performed twice with Þve containers for each treatment and Þve control (water) containers, for a total of 10 replicates for each treatment (each with its own set of controls). DB-2 treatments were applied on 25 February and 10 March 2003, 10-22 treatments were made on 18 and A more efÞcient method of measuring the area of surface tunneling was used for these trials. New surface tunnels were Þlled with DAP Kwik Seal Plus Easy Caulk (Dap Inc., Baltimore, MD) and allowed to dry overnight (Fig. 1) . The use of caulk rather than parafÞn wax to Þll the surface tunnels eliminated the problems of fragile castings and penetration into the vertical holes. Caulk moldings were removed after 24 h, traced, and measured with a ruler. Cross-sectional area was computed using the same methodology for measuring the string widths and lengths as in 2001Ð 2002, by splitting the caulk molding tracings into segments of uniform width. Forty-eight hours after initial treatment (allowing 24 h for the caulk to dry), the containers were searched to determine the location of the mole cricket and checked for mortality. Statistical Analysis. The mean cross-sectional area of surface tunnels, square root of mean cross-sectional area, and cumulative percentage of occurrence of each tunneling behavior for control containers were analyzed by factorial analysis of variance (ANOVA) by using the General Linear Models Procedure and Least Square Means of SAS (PROC GLM, SAS Institute 2001). We used t-tests (P Յ 0.05) to calculate the least signiÞcant differences (LSDs) in the controls between years or between trials within years. There were no signiÞcant differences between any of the nine control tests conducted either in 2001Ð 2002 and 2003 or between any of the trials within the 2 yr for all behaviors, except the mean cross-sectional area and square root of mean cross-sectional area of tunnels (Table 1 ). There were signiÞcant differences between the trials within years for mean cross-sectional area of surface tunneling (F ϭ 3.18; df ϭ 7, 81; P ϭ 0.0051) and square root of mean cross-sectional area (F ϭ 2.88; df ϭ 7, 81; P ϭ 0.0097) in control containers (Table 1) .
All treatment tunneling behaviors were compared with the pooled control data for both years to determine signiÞcant differences between treatments in terms of mean cross-sectional area of surface tunnels, square root of mean cross-sectional area, and percentage of occurrence of tunneling behaviors. Because there were no year or trial effects for any tunneling behaviors except the cross-sectional area and square root of cross-sectional area of surface tunnels, the percentage of occurrences of each behavior were analyzed by factorial ANOVA by using the General Linear Models Procedure and Least Square Means of SAS (PROC GLM, SAS Institute 2001). The means for cross-sectional area of tunneling and square root of cross-sectional area were analyzed by factorial ANOVA by using the Mixed Models Procedure and Least Square Means with the Kenward option for computing degrees of freedom (PROC MIXED with PDIFF option, SAS Institute 2001). The Mixed Model Procedure uses estimates of treatment means to adjust for trial effects. We used t-tests (P Յ 0.05) to calculate the LSDs in cross-sectional area means, square root of cross-sectional area means, and percentage of occurrences of each tunneling behavior.
Results and Discussion
Mortality. In the B. bassiana treatments, death was not expected at 24 or 48 h posttreatment because death by mycosis usually occurs 3Ð 4 d after attachment of conidia to the insect cuticle (Inglis et al. 1997) . It was therefore not surprising that there was little mortality observed in any treatment; Talstar (15%), the carrier of DB-2/10-22 (10%), 10-22 (5%), and DB-2 (5%) were the only treatments to show any mortality. There were no signiÞcant differences in mortality between any treatment (F ϭ 1.69; df ϭ 6, 165; P ϭ 0.1253).
New Surface Tunneling. The presence of new surface tunneling veriÞed that the cricket had passed through and come in contact with the treatment layer on the original soil surface. All treatments had some surface tunneling in at least 65% of the sprayed containers, with DB-2 having the least and the water control, BotaniGard carrier, BotaniGard with conidia, and JABB carrier all showing new surface tunneling in an average of 90% of the containers. Although there was variation in the percentage of containers with new surface tunneling after 24 h, these differences were not signiÞcant for any of the treatments (F ϭ 1.50; df ϭ 6, 165; P ϭ 0.1811). Based on the Þndings of new surface tunneling, it does not seem that the crickets were able to detect any of the treatments to a degree strong enough to deter surface tunneling completely as observed by Villani et al. (2002) .
The mean cross-sectional area of the new surface tunnels produced was not signiÞcant (F ϭ 5.67; df ϭ 6, 333; P ϭ 0.0778), although there were signiÞcant differences between treatments in terms of the square root of the mean cross-sectional area (F ϭ 5.78; df ϭ 6, 118; P Ͻ 0.0001). Pooled values for cross-sectional area of tunneling varied from a low of 40.464 cm 2 in the Talstar containers to a high of 339.250 cm 2 in the BotaniGard containers ( Table 2 ). The only treat- Table 2 . Mean cross-sectional area and square root of crosssectional area of surface tunnels produced after 24 h by adult mole crickets in response to different treatments in greenhouse behavioral studies (data pooled over both years) ments to show signiÞcantly less tunneling than the control as measured by the square root of area were 10-22, Talstar, and DB-2 (Fig. 2) . Due to the signiÞ-cant differences between square roots of mean crosssectional area, it seems that the tunneling activity of the mole crickets was minimized by the presence of 10-22, Talstar, and DB-2. With the JABB carrier not differing from the control, it seems that the reduction in activity of the mole cricket is a result of the presence of conidia and not a formulation effect. Because BotaniGard containers did not differ from the control, the reduction in surface tunneling is not universal for all B. bassiana strains. It is possible that the differences in tunneling seen between the JABB strains and BotaniGard could be a result of dissimilar propagation techniques. Additionally, the contradiction seen between the mean cross-sectional area analysis and the square root comparisons indicates that the amount of surface tunnels produced by mole crickets may not be the best measurement of activity and avoidance behaviors.
Vertical and Horizontal Tunnels. The mean percentage of occurrence of vertical tunnels that descended into the soil proÞle varied signiÞcantly among treatments (Fig. 3) . The DB-2 strain treated containers showed signiÞcantly less mean occurrence of vertical tunnels (25%) compared with all other treatments. The 10-22 strain had the second smallest mean percentage of occurrence of vertical tunnels (60%), but only the DB-2 strain showed signiÞcantly less vertical tunneling than the control containers (F ϭ 3.36; df ϭ 6, 165; P ϭ 0.0038). The occurrence of horizontal tunneling ranged from 65% for Talstar to 90% in BotaniGard, BotaniGard carrier, and the control containers, but there were no signiÞcant differences between any of the treatments (F ϭ 0.7221; df ϭ 6, 165; P ϭ 0.7221). Less vertical versus horizontal tunneling (Fig. 1 ) might indicate that once the cricket passed through the conidia or bifenthrin, it chose to tunnel in the top 1.3 cm of new soil, rather than continuously passing through the treatment to construct deeper tunnels.
Cricket in Top Layer. SigniÞcantly more crickets were found in the top layer of containers sprayed with Talstar or DB-2 (F ϭ 4.05; df ϭ 6, 165; P ϭ 0.0008). There was a trend of similar behavior observed in containers treated with BotaniGard, the JABB carrier, and 10-22, although none of these differences among treatments were signiÞcant (Fig. 4) . A cricket being found in the layer above the treatment would indicate the same behavioral response as the minimized vertical tunneling. Both of these tunneling features show that the cricket stayed above the treatment, rather than passed through the conidia, bifenthrin, or carrier multiple times.
Edging. A common observation made when mole crickets are placed into a conÞned situation is a large amount of tunneling continuous along the perimeter of the box, or edging, as the cricket is looking for an escape route (Fig. 1) . As treatments were made, the spray (containing either B. bassiana conidia or bifenthrin) would be slightly more concentrated along the perimeter of the box. An absence or reduction of edging would indicate a behavioral response to the treatment by the cricket, varying from its common behavior when in conÞnement. There was signiÞ-cantly less edging in strain DB-2 and Talstar-treated containers (F ϭ 7.07; df ϭ 6, 165; P Ͻ 0.0001) in comparison with the control. Both carriers and BotaniGard showed an increased occurrence of tunneling along the edge of the containers (Fig. 5 ), but they did not differ signiÞcantly from the control.
Data from these studies suggest that certain treatments for mole cricket control result in modiÞed behavior that might indicate a repellency of the insect by the control agent. The DB-2 strain from JABB of the Carolinas seemed to initiate the strongest reaction in the mole crickets, including less frequent tunneling, signiÞcantly less new surface tunneling, vertical tunneling, and edging as well as a signiÞcantly higher occurrence of crickets remaining above the treated layer. Although none of the treatments were signiÞ-cant in preventing all tunneling, these results suggest that the crickets modify their behavior when detecting the DB-2 strain in ways that may minimize contact with the conidia. Both Talstar and the 10-22 strain showed some tendencies of the crickets to respond in the same manner as with DB-2, but neither treatment was signiÞcant in every category examined. Talstar showed the same signiÞcant differences as DB-2 with some very important behaviors, including the top layer location of the cricket and less edging. Because the carrier formulations and BotaniGard did not provoke the same behavioral responses in important examinations of tunneling behavior, it can be concluded that the responses are strain-speciÞc for B. bassiana, with some strains resulting in dramatic deviations from normal behavior (Brandenburg et al. 2002a) , whereas others do not seem to inßuence mole cricket behavior at all.
The implications of these results for mole cricket control by using B. bassiana are two-fold. First, minimizing surface activity and decreasing vertical tunneling, which can manifest as mounds on the ground surface (Brandenburg et al. 2002a) , have important implications for lessening mole cricket damage to turfgrass. If speciÞc strains of entomopathogenic fungi can reduce or inhibit mole cricket movement in the soil, they may be useful for environmentally safe damage reduction caused by soil insects. Second, understanding mole cricket behavior in the soil helps to explain why Þeld studies using surface-applied B. bassiana spores have resulted in less than satisfactory control (Hertl and Brandenburg 1998) , whereas subsurface applications produced signiÞcantly reduced turf damage compared with an untreated control (Xia et al. 2000) . To enhance the efÞcacy of conidia, pathogenic strains of entomogenous fungi that elicit mole cricket avoidance should be tested using masking agents and different (i.e., bait) formulations.
